ABSTRACT Cells of the bacterium Escherichia coliwere tethered and spun in a high-frequency rotating electric field at a series of discrete field strengths. This was done first at low field strengths, then at field strengths generating speeds high enough to disrupt motor function, and finally at low field strengths. 
INTRODUCTION
A bacterial flagellum is driven at its base by a reversible rotary motor, the power input of which is determined by proton motive force and proton flux and power output by torque and speed. Interrelationships between these parameters provide important constraints on motor mechanisms. For recent reviews on flagellar structure and function, see Jones and Aizawa (1991) and Macnab (1992) . The rotational speed of a cell tethered to glass by a single flagellum is proportional to proton motive force, at least up to a value of -80 mV (Manson et al., 1980; Ravid and Eisenbach, 1984; Conley and Berg, 1984 ; Khan et al., 1985) and possibly beyond (Khan et al., 1990) . There is a small threshold for rotation as cells are energized, but not as they are de-energized (Khan et al., 1985) . Changes in proton flux are proportional to changes in speed . At the relatively high speeds of flagellar bundles, torque drops linearly with increasing speed, and extrapolation of these data back to the low speed of a tethered cell suggests a linear torque-speed relationship . In an attempt to explain these interrelationships, Meister et al. (1989) studied the dynamics of a tightly coupled motor mechanism (in which the passage of a fixed number of protons carries the motor through one revolution). This analysis generated a linear torque-speed relationship, as required. In addition, it sug-gested that more could be learned about the motor if it were driven backward or forward by an externally applied torque.
Our first attempt to apply torque involved the construction of a quadrupole magnet with windings that could be driven in quadrature, generating a rotating magnetic field. Microscopic magnetic needles were linked to the surface of a motile Streptococcus by an avidin-biotin reaction, and tethered cells were spun at relatively high speeds (Berg and Turner, unpublished observations). However, without knowing the direction of the magnetic moment and its magnitude, or the angle between the moment and the applied field, we were not able to compute the applied torque. Our second attempt involved the use of a rotating optical trap. While this method proved useful for measuring the compliance of flagellar components (Block et al., 1989 (Block et al., , 1991 , it did not allow us to spin cells at a sufficiently high speed.
An elegant solution to this problem was presented by Washizu et al. (1993) , who spun tethered cells of a smoothswimming strain ofSalmonella typhimurium (a close relative ofEscherichia coli) with a 0.5-MHz rotating electric field at speeds up to about 100 Hz. Electrorotation has a long history (cf. Jones, 1984) , but it had not been used before with tethered bacteria; for a recent review, see Foster et al. (1992) . For this application, its main advantages are (a) cells need not be prepared in any special way; (b) the applied torque is well defined (i.e., proportional to the square of the electric field strength); and (c) the applied torque is independent of the orientation of the tethered cell-since the field spins much more rapidly than the cell, it averages over cell orientations. We have improved on this technique by (a) working at higher conductivities, higher frequencies, and higher field strengths; (b) minimizing heating by using tungsten wire electrodes in a relatively large chamber and tethering cells to sapphire (sapphire has a much higher thermal conductivity than glass); (c) using bacteria that tether with high efficiency without antibody; and (d) covalently linking their flagellar filaments to the substratum. Most of our data were obtained with cells of E. coli deleted for cheY that spin exclusively counterclockwise (CCW); some were obtained with wild-type cells that spin predominantly CCW.
Whereas Washizu et al. (1993) concluded that motor torque is constant up to about 100 Hz for rotation in either direction, we find that it is constant up to this speed (at room temperature) only for forward (CCW) rotation. There is a substantial barrier resisting backward (clockwise, CW) rotation. At higher speeds CCW, the torque drops linearly with speed to zero and beyond. These results are consistent with our earlier data but not with their linear extrapolation . The tightly coupled mechanism of Meister et al. (1989) can account for the barrier resisting CW rotation but not for the CCW constant-torque plateau, unless the displacement of a force-generating element is limited by a stop. 
MATERIALS AND METHODS Chemicals

Cells
We studied two strains of E. coli K12, both derived from a strain wild type for chemotaxis, AW405 (Armstrong et al., 1967) . Both were constructed by Karen Fahmer (K. A. Fahrner and H. C. Berg, manuscript in preparation) . Their flagellar filament protein is specified by plasmid pFD313 (ampR, a derivative of pBR322, kindly supplied by Goro Kuwajima) (Kuwajima, 1988) and is deleted for amino acids 245-301. The chromosomal gene carries the fliC726 allele, with a nonflagellate phenotype (Silverman and Simon, 1973) . The filaments specified by the plasmid adhere spontaneously to many surfaces (glass coverslips out of the box, silanized glass, etc.), so both strains are easy to tether without the use of anti-filament antibody. Strain KAF84 is wild-type for chemotaxis and carries a zeb741::TnlO marker. It also lacks pili (is pilA'-kan) (Maurer and Orndorff, 1987) . Strain KAF95 carries a cheY deletion (m43-10, from strain RP4979, the gift of Sandy Parkinson) and, thus, swims smoothly (rotates its flagella exclusively CCW).
Preparation of cells
Cultures were inoculated from reference stocks and grown to saturation in tryptone broth (1% tryptone, 0.5% NaCl) containing the requisite antibiotics at 30°C (ampicillin, kanamycin, and/or tetracycline at 100, 40, or 12 jig/ml, respectively). DMSO was added (10% v/v) and 0.1-ml aliquots were frozen at -75°C. These aliquots were thawed as needed, added to 10 ml of the original medium, and grown to saturation. This culture was diluted 1:20 with fresh medium and incubated for another 4 h. Cells were harvested by centrifugation at 2200 X g for 7 min at room temperature. The pellet was resuspended in 1.5 ml 10 mM potassium phosphate (pH 7.0) and 0.1 mM EDTA (motility medium DMSO) was diluted 1:50 in 10 mM sodium phosphate (pH 8.0) and layered over the silanized surface (about 0.25 ml per window). The windows were put in a humidity chamber at room temperature for 15 min (to allow time for acylation of the amino groups). Then the windows were rinsed by tilting the holders and pouring the following solutions across the surface: 10 mM sodium phosphate, pH 8.0; 10% aqueous DMSO (to dissolve HSAB crystals that might remain); 10 mM sodium phosphate, pH 8.0; 1% aqueous formaldehyde (to block unreacted amino groups); 10 mM sodium phosphate, pH 8.0; and, finally, 10 mM potassium phosphate, pH 7.0, 0.1 mM EDTA (the motility medium). Small flow cells were constructed by covering each window with a 12-mm diameter glass coverslip to which two supports had been cemented (each made from a one-third-round piece of a silicon-rubber gasket (SXOO 013 01; Millipore Corporation, Bedford, MA).
Under a safe light, approximately 0.1 ml of the cell suspension (see above) was added to each chamber and allowed to stand for 5 min (long enough for the flagellar stubs of strain KAF84 or KAF95 to tether spontaneously). The free cells were rinsed away with about 1.5 ml of the motility medium (added to one side of the flow cell with a dropper and wicked away at the opposite side with a piece of filter paper). The aryl azide of HSAB was activated by a near-UV flash (70 watt-s generated by a xenon lamp mounted at one focus of an ellipsoidal reflector, as described by Shimada and Berg, 1987) . Finally, the buffer rinse was repeated. The holders were stored in a humidity chamber in room light at room temperature until used for the day's experiments. Just before the flow cell was assembled, the window was rinsed with the buffer to be used in the experiment, and the coverslip was removed.
At the end of the day, the silicon-monoxide coating was removed by gently rubbing the window over a flat surface covered with a polishing cloth impregnated with 1 ,um diamond dust in a petroleum distillate (components supplied by Buehler, Ltd., Lake Bluff, IL). Then the windows were rinsed with heptane, sonicated in a household detergent (Mr. Clean), sonicated in hot water, dried under a heat lamp, and sonicated in 1,1,2-trichloro-1,2,2-
Data acquisition
The rotation of tethered cells was monitored with a linear-graded filter apparatus (Kobayasi et al., 1977; Berg et al., 1982) . Light emerging at the camera tube of a phase-contrast microscope was split into two beams (Fig.  1) . Each beam was imaged by an eyepiece onto the surface of a linear-graded filter (Fig. 2) . The filters were set at right angles to one another. Each has a linear transmission gradient, so that the intensity of the transmitted light is proportional to the x-or y-weighted integral of the image-intensity distribution. As a consequence, a tethered bacterium, rotating about a fixed point at a constant speed, produces pure cosine and sine signals, regardless of the shape of the image. Our filters were made by evaporating a metallic film (Inconel 600) (Goodell, 1973) Data reduction Fig. 3 shows options developed for analyzing the data. We looked directly at the x or y signals generated by the linear-graded filters (Fig 3, top) . Or we offset and scaled each data set to the range ± 1 (to represent cos 6 and sin 0, where 0 is the angle of orientation of the cell), computed 6 = arctan (sin 0/cos 0), unwrapped the phase, and displayed 0 as a function of time (Fig. 3, and end of the set) and computed the power spectrum. We did this for cos 0 and sin 6 separately and then summed the result (Fig. 3, bottom) . In the experiment shown, the cell was driven backward (CW). It started spinning at about 31 Hz, then abruptly sped up to about 43 Hz; the motor broke (see below). This transition appeared in the (0, t) plot as a change in slope (Fig. 3 , middle) and generated a second spectral peak (bottom). Most spectra had a single, sharp, symmetric peak, and we simply read off the frequency at its maximum. Spectral analysis proved more convenient than line fits to (0, t) plots, because cells often hesitated (stuck briefly to the sapphire surface?). This generated (0, t) plots with embedded short horizontal segments, which required individually tailored multiple line fits. Spectral analysis also had the advantage that the image of a cell could be moved to the edge of the linear-graded filters, so that the signals cycled up and down as more or less of the image was visible. This gave larger modulations; however, (0, t) plots could not be made, because the x and y signals were now in phase, rather than 900 out of phase.
Electrodes
Seven epoxy-insulated tungsten microelectrodes (0.13 mm diameter) with 120 tapered tips (no. 5772; A-M Systems, Everett, WA) were sealed with burgundy pitch (melting point 80°C) into a 0.4-mm-diameter hole drilled through a brass plate, so that 0.12 mm at the tip projected beyond the surface of the brass. The projecting material was removed with silicon-carbide lapping paper (M-600 grit). Then the electrodes were cut to length (1.4 cm) and freed by soaking in chloroform. Finally, 0.4 cm of the insulation at the back end was removed with a razor blade. Four of these wires were clamped into small insulated brass electrode holders with opposed 0-80 brass screws. One screw of each pair was soldered to the center wire of a coaxial cable connected to the oscillator (see below). The electrodes angled downward (declination 60) so that their truncated tips met near the optical axis of the objective, as shown in Fig. 4 . At the end of a day's experiments, the electrodes were rinsed with water, wicked dry, and left in air. Every month or so, they were soaked for a few minutes in 2% (w/v) sodium dodecyl sulfate (to remove adherent bacteria).
Oscillator
The oscillator used to power the electrodes was computer controlled, with 12-bit digital-to-analogue lines setting its frequency and amplitude, and digital lines selecting the direction of rotation and gating the output. The With the oscillator set at 100% on the low-power scale, the peak-to-peak potential difference between electrodes of each pair was about 115 V. We did not accurately calibrate the difference in power levels between the high-power and low-power scales; it was not 4, as might be expected from the output transformer turns ratios, but closer to 5, as measured by the ratio of rotation rates of cells spun at both low-and high-power settings. This difference was due to a range-dependent shift in the resonance frequency of the output circuit.
Flow cell
The flow cell was made in two parts (Fig. 5) . The upper part (part 1) was mounted rigidly on the phase-contrast objective and centered on its optical axis. The lower part (part 2), comprising a holder for the sapphire window to which cells were tethered, was fixed via four spring-loaded pins to an x, y stage (not shown; adjusted by micrometer screws). The pins constrained the lower part to follow the horizontal displacements of the stage, while the springs forced it upward (as shown by the arrows), so that it remained in close contact with part 1. The space between the windows was filled with a motility medium. The medium could be changed by pumping fluid in and out of two stainless-steel tubes (Fig. 5, d and e, respectively). The fluid passed from each tube to the center of the cell by moving through a thick transverse and a thin longitudinal channel. The transverse channel acts as a constant-pressure source that feeds fluid into the longitudinal channel along its entire width 
RESULTS
Choice of buffer
We began with the assumption that joule heating might be prohibitive, so we chose a buffer with a low conductivity (1 mM potassium phosphate, pH 7.2, 0.1 mM EDTA, conductivity 0.19 mS/cm). Later, we found that larger applied torques were generated in media of higher conductivity (e.g., 40 mM TES, pH 7.0, 0.1 mM EDTA, conductivity 0.41 mS/ cm). the cells spun in the same direction as the electric field (plotted at positive speeds; Fig. 6 ). At an intermediate conductivity (4 mM TES, pH 7.0,0.088 mS/cm) some cells spun one way, some spun the other, but most stopped (data not shown). At higher conductivities, the cells spun in the opposite direction (plotted as negative speeds; Fig. 5 ). Sodium phosphate, which fell on the same curve as TES, was more effective at higher conductivities than potassium phosphate. Also, TES buffers at the same (high) conductivity were more effective at pH 6 than at pH 7 (data not shown).
In our early experiments (in 1 mM potassium or sodium phosphate, pH 7.2), free cells tended to accumulate at the tips of the electrodes. At higher conductivities (e.g., in 40 mM TES, pH 7.0) they did not. In either case, the field appeared to stir the medium; free cells moved in arcs near the tips of the electrodes. This motion was more vigorous at higher power. When working in 1 mM potassium or sodium phosphate, we noted a distressing artifact: when the field was turned on, cells spun more rapidly for the first few tenths of a second than they did later on. This transient had a smaller amplitude but was longer lived at lower power. Also, this effect was smaller when buffer was pumped through the flow cell. We suspect that this artifact was due to elevated conductivity near the tips of the electrodes arising from leakage of ions from cells that had accumulated there. If this were so, field-induced stirring or buffer flow would reduce the conductivity to the value of the bulk medium, decreasing the applied torque (Fig. 6 ). This problem was not apparent in 40 mM TES (pH 7.0), where cells spun at constant speed. Since cells also spun vigorously for many hours on their own in this buffer, we chose it for subsequent work.
Choice of frequency
We selected two buffers, one at low conductivity and the other at high conductivity, and studied the variation in speed with frequency of the applied electric field (Fig. 7) . At high conductivity, the response peaked at about 1.5 MHz; at low conductivity, it peaked at about 0.75 MHz. Both curves were relatively broad. Since the buffer of high conductivity was preferred (see above), we chose to work at 2.25 MHz, where the waveforms showed low distortion on both low-and highpower scales.
Heating and electrical damage We tethered cells to sapphire, because sapphire has a thermal conductivity 20 to 30 times higher than that of glass (depending on glass type). The temperature rise generated by current flowing between the electrodes was estimated by coating the sapphire window (as modified for tethering) with stearic acid butyl ester (melting point on our scale -26.90C), setting the temperature of the window at 26.40C, and measuring the power level required to melt particles of different size. In 40 mM TES (pH 7.0), 0.1 mM EDTA, bits of this wax in the center of the field that were about 16 ,um in diameter just melted (were heated-0. high-power scale (at 2.25 MHz), while pieces about 4 ,um in diameter or smaller did not melt, even at 100% on the highpower scale. We conclude that objects as close to the sapphire surface as tethered E. coli are heated less than 0.2°C at 40% on the high-power scale (this is the highest power level used to spin cells thus far) and less than 0.1°C at 100% on the low-power scale. We also conclude that there is a sizable increase in temperature as one moves along the optical axis away from the surface of the sapphire. This is expected from the electrode geometry (Fig. 4 b) . Evidence for electrical damage was sought in a unidirectional field by disconnecting the leads to one electrode pair and driving the other at 100% on the high-power scale. The cells between the electrodes immediately lined up along the direction of the field. However, when the field was turned off, they immediately spun at their initial rates. Although the field strength was high (nearly 40,000 V/cm), the oscillation period (-4 X 10-4 ms) was much smaller than the electrical time constant of the cytoplasmic membrane (--1 ms; Felle et al., 1978 Blair and Berg, 1988 As far as we could tell, the behaviors of cells broken catastrophically, broken progressively but completely, or deenergized with 1 mM DNP or 0.01 mM FCCP, were indistinguishable. Evidently, the drag due to proton pumping at zero proton motive force in an intact motor is relatively small. However, cells that had been de-energized with either uncoupler for many minutes became more difficult to turn. This behavior was seen earlier in studies with optical tweezers, where motors of bothE. coli and a motile Streptococcus eventually "locked up" (Block et al., 1989) . Since cells of E. coli deleted for mot4 and/or motB (genes specifying components of the force-generating elements) diffuse freely when tethered (Block et al., 1989) , we exposed cells of such a strain (RP6665, AmotAAmotB, grown and tethered as described by Block et al., 1989) Fig. 9 . In most cases, the speed of broken cells was remarkably linear with power, up to speeds of at least 400 Hz, as evident here. In the CW direction the speed remained linear up to the highest speeds tested (980 Hz); however, in the CCW direction there was a discontinuity in slope, beyond which the cells became easier to turn (Fig. 9 ). We suspect a phase transition in the tether that allowed the cell to tip up or spin farther away from the sapphire surface. This discontinuity was not due to a change in applied torque, because it occurred only when cells were driven CCW. The initial slopes were often steeper in the CW than in the CCW direction, while the final slopes were more nearly the same (Fig. 9) .
Determining torque as a function of speed: theory Given that one can break (or de-energize) motors and the internal friction is small, it is possible to learn how motor torque varies with speed (cf. Washizu et al., 1993, who under its own power, the rotational speed is Fig. 12 a, the motor slipped CW (continued to deliver high torque over a range of speeds) before breaking. In Fig. 12 b, it yielded more abruptly. In Fig. 12 c, it was de-energized with an uncoupler. In all cases, there was a substantial torque-resisting CW rotation and nearly constant torque for CCW rotation up to about 100 Hz.
At first glance, it appeared that cells resisting CW rotation stopped turning, at least at moderate speed offsets (Figs. 11,  12 ). Closer examination, by eye and stopwatch, revealed that such cells actually spun slowly CW. For example, a cell was studied (in 40 mM TES, pH 7.0, 0.1 mM EDTA at room temperature) that spun on its own at about 10 Hz. With applied torques of +2.5, +5.0, and +7.5% (on the low-power scale) it spun CCW about 20, 30, and 40 Hz, respectively, indicating that the power level 2.5% matched the torque gen- Applied torque (%)
FIGURE 10 Speed as a function of applied torque. 0, data obtained with an intact motor; 0, data obtained after the motor was broken. First, the cell was spun CW and CCW with the oscillator set on the low-power scale, following the sequence 0, -5, -10, -15, -20, 0, 5, 10, 15, 20% (0, sign conventions as in Fig. 9 ). The 0% readings were 8. Speed (Hz) FIGURE 11 Speed offset for the data of Fig. 10 . The ordinate is a number proportional to the torque generated by the flagellar motor (+ for CCW, -for CW) at the speed indicated on the abscissa (+ for CCW, -for CW); see Eq. 4. The pair of points near (7, 7) and (8, 8) We were puzzled by constant torque for CCW rotation up to about 100 Hz (Fig. 12) , because we had grown accustomed to the idea, born of work with a motile Streptococcus , that the zero-torque speed of flagellar motors at room temperature was on the order of 100 Hz. However, work on E. coli grown on a rich medium had suggested a much higher figure, particularly at higher temperatures . Two routes for reaching zero-torque speed became apparent: (a) cool the cells and (b) just spin them faster. Both methods worked (Figs. 13 and 14) . Fig. 13 a shows the speed offset for a cell cooled to 11.2°C and driven CCW and then CW. Going CCW, the torque was constant up to about 60 Hz, then it dropped more or less linearly, falling to zero at about 100 Hz. Going CW, a large barrier was encountered and then breached. Fig. 13 Fig. 14 b) . This defined the speedoffset plateau. Then we drew a straight line through the descending set of points (e.g., through points 5 to 10, Fig. 14  b) . The speed at the intersection of the second and first lines defined the plateau knee, and the point at which the descending line crossed the abscissa defined the 0-torque speed. Finally, if a second (minimum) torque plateau was encountered, we drew a horizontal line through the final set of points (e.g., the last two points in Fig. 14 b) . The speed at the intersection of this line with the descending line defined the minimum-torque knee. We also projected the descending line back to the ordinate and noted its intercept. For CW data, we simply noted the maximum speed offset. The various speed offsets were converted to relative torques by dividing by the frequency at the speed-offset plateau (Eq. 5). Finally, we estimated the broken-motor CW speed (normalized to 100% on the low-power scale of the oscillator, assuming a high-to-low power ratio of 5), compared the slopes of the speed versus applied-torque lines (as in Fig. 9 , ignoring the highest-speed CCW data), and recorded the CW/CCW ratio.
The cumulative data are summarized in Tables 1-4 
DISCUSSION Electrorotation
This method has two major advantages: a tethered cell can be spun at very high speeds, and the applied torque does not depend on the orientation of the cell in the plane of the electrodes. The open design of our flow cell (Fig. 5 ) and the use of relatively heavy wire electrodes close to a thick sapphire window (Figs. 4, 5 ) ensured minimal heating (<0.20C at the highest power levels utilized). Since a field rotating at 2.25 MHz executes 2250 cycles in 1 ms, it averages over cell orientations, even when cells are spun at 1 kHz. Also, it does not damage cell membranes.
Although it was not our intention to study electrorotation per se, we found that E. coli behaves as expected for the 4 dielectric constant of the cell is relatively high (about 600) and its conductivity is relatively low (about 0.4 mS/cm). predictions are consistent with the data shown in Fig. 7 . Finally, using the fact that the rotational frictional drag coef-LE 16 Relative torque as a function of speed for the data of Tables ficient of a sphere of radius r is 87Trr3, where q is the vis-I, 11.2°C (Table 1) ; *, 16.2°C (Table 2) ; 0, 22.6°C (Table 3 ). Sign cosity of the external medium, Eq. 6 predicts a rotation rate tions as in Fig. 11 behavior of E. coli, a cell that is neither spherical nor a homogeneous isotropic dielectric, can be approximated by such a simple model. Perhaps its polarization is dominated by the lest possible model: a spherical particle of (internal) displacement of free charge in the porous polyelectrolytic ftric constant Ei and conductivity ori immersed in a liquid wall. Fuhr et al. (1992, Fig. 8 ) show a figure similar to our xternal) dielectric constant Ee and conductivity (re; a Fig. 7 for porous spheres of cellulose disulfate. shell model is not required. The external electric field polarizes the sphere, partly by dielectric polarization, partly by separation of free charge. This gives rise to a dipole field that rotates at the same rate and in the same direction as the applied electric field. However, due to the finite time required for redistribution of charges, which is on the order of E/a, the polarization dipole leads or lags the electric field vector. The applied torque is given by the cross product of these vectors. At low frequencies, the polarization dipole is in phase with the applied field, so the torque vanishes. At high frequencies, charges do not have time to redistribute during a rotation period, so the magnitude of the polarization dipole is small, and again the torque vanishes. Thus, the torque should be maximum at some intermediate frequency.
The classical result, attributed to Lampa (1906) , is quoted by Fuhr et al. (1986) Here, N is the torque, E is the amplitude of the applied electric field, r is the radius of the sphere, and X is the angular frequency of the applied field (in cgs units). The magnitude of N is now believed to be larger by a factor (e = 80 (Jones and Kallio, 1979; Sauer and Schlogl, 1985; Fuhr and Hagedom, 1989) . Our results are consistent with Eq. 6 provided that the Torque as a function of speed
The procedure that we used to measure the speed offset (Eq. 4) or relative torque (Eq. 5) is based on the assumption that the frictional drag coefficient of a cell does not change when its motor is broken or de-energized. The justification for this assumption is based on the fact that similar speed-offset or relative-torque plots were obtained whether motors broke catastrophically (suddenly and completely; Figs. 12 a, 13 a,b), broke progressively (in a stepwise manner; Figs. 12 b, 14 a,b,c, 15 a), or were de-energized by brief treatment with an uncoupler (DNP or FCCP; Figs. 12 c, 15 b) . This implies that drag arising from rotation-dependent proton pumping (if any) is relatively small at 0 proton motive force.
A steep increase in drag was noted during prolonged treatment with an uncoupler. Therefore, breaking the motor appears preferable to de-energizing it. All of the data used to construct Fig. 16 were obtained in this way. Washizu et al. (1993) "killed" cells with UV light; presumably, this deenergized them. If so, the final drag observed with this technique might depend on exposure.
We also discovered that cells with broken or de-energized motors were somewhat easier to turn CW than CCW (at low speeds, Fig. 9 ; Tables 1-4, last entry). Eisenbach et al. (1990) found that tethered wild-type cells tend to spin faster CW than CCW. This was due, in part, to the fact that cells going CCW pause or reverse briefly more often than cells going CW (Eisenbach, 1990 Fig. 16 (positive torque at negative speed or negative torque at positive speed, respectively) motor torque opposes externally applied torque. In either case, there is a limit to the amount of torque that the motor can deliver. At this limit, the motor either slips (delivers similar torque over a range of speeds, as in Fig. 15  a) or breaks (suddenly delivers substantially less torque, as in Fig. 13 b) or slips and then breaks (as in Fig. 12 a) . The latter mode was the most common for CCW rotation (as in Fig. 14 a) . Slippage can be reversible. For example, when the experiment of Fig. 10 (closed symbols) was repeated, we obtained identical results (noted in the legend). So one can cross the relative torque maximum (and presumably also the minimum; Tables 1-4) without permanently damaging the motor. Apparently, the motor yields, that is, is deformed enough to uncouple, and then returns to its native conformation. When the motor breaks catastrophically or completely, on the other hand, it is uncoupled irreversibly. However, as noted earlier, partial damage ascribable to individual force-generating elements can be repaired. Thus, we believe that the torque maxima and minima involve changes in motor structure not accounted for by models designed to describe its normal operating domain.
In the upper right quadrant of Fig. 16 (positive torque at positive speed) motor torque and externally applied torque act in parallel. This is the motor's normal operating domain. Torque remains constant up to a surprisingly high speed (roughly 60% of the 0-torque speed) and then drops linearly, crossing the 0-torque axis at the 0-torque speed. The descending line segments in this figure were all drawn from a common intercept on the 0-speed axis. The magnitude of the slope is smaller at higher temperatures. Other parameters of the fit appear to be temperature invariant.
The SEs shown in Fig. 16 are relatively small; however, the data sets were large and the variations from cell to cell were appreciable (Tables 1-3 ). For example, at 16.2°C the relative torque maximum was as high as 4.3 and the relative torque minimum was as low as -5.2 (Table 2) . Therefore, the difference in amplitude between a relative torque maximum of about 2.2 and a relative torque minimum of about -1.7 might not be significant (Fig. 16) .
If the motor is tightly coupled, the data of Fig. 16 imply that it runs at constant efficiency over a considerable range of speeds. The power input is speed X protons per revolution X proton charge X proton motive force. With tight coupling at a fixed proton motive force, power input is directly proportional to speed. Power output is speed X torque. Therefore, the efficiency (power output divided by power input) is directly proportional to torque. Thus, it is constant up to the plateau knee and then drops linearly to zero at the 0-torque speed. For Streptococcus, the efficiency for tethered between 0.5 and 0.9, while the efficiency for swimming cells was much lower, about 0.05 (both estimated with an uncertainty of a factor of 2) .
As far as we know, the proton motive force was fixed under the conditions of our experiments. The cells were in a motility medium rather than in a growth medium and at low density, equivalent to about 105 cells/ml, so aeration was adequate. For CW rotation, the motors broke at relatively small speeds, before protons could be pumped out of the cell at a substantial rate. E. coli is known to swim with its motors running near the 0-torque limit . For CCW rotation, the torque leveled off at rotation rates only about twice as large. So, assuming tight coupling, the proton influx was equal to that of only two motors driving filaments in a bundle. Assuming a proton flux of 1240 per revolution , the influx at 400 Hz was about 5 X 105/s.
Our results are consistent with the data of Lowe et al. (1987) but not with their linear extrapolation. In those experiments, the viscous agent Ficoll was added to swimming cells of Streptococcus and E. coli, and body-roll and bundle frequencies were recorded. Motor torque was proportional to the product of the body-roll frequency and the viscosity of the medium, while motor frequency (speed) was equal to the sum of the body-roll and bundle frequencies. The torque rose linearly from a minimum value at a speed close to the 0-torque speed to a maximum value at a speed about half as large. These data were compared to those obtained at much lower speeds with tethered cells, "subject to considerable uncertainly, probably up to 40%." This uncertainty arose because the comparison depended on rotational frictional drag coefficients for both swimming and tethered cells and on the number of filaments per bundle, all of which were difficult to estimate. Our new results imply that the tetheredcell data should have been plotted about 40% lower relative to the swimming-cell data (Lowe et al., 1987, Fig. 3) .
Our results agree with those of Washizu et al. (1993) in the CCW domain (constant torque up to about 100 Hz at room temperature) but not in the CW domain (constant torque up to about -100 Hz). Perhaps the motors that behaved in this way were partially damaged. Washizu et al. did encounter cells that stopped when driven CW, but they were not able to exclude the possibility that the angle of the tether changed, causing the cell bodies to adhere to the glass surface (S-I. Aizawa, private communication). As noted above following the discussion of Fig. 12 , cells in our preparation that appeared to stop actually spun very slowly CW. Iwazawa et al. (1993) studied the torque generated by tethered cells of a cheY deletion strain subjected to a lowfrequency rotating electric field. They concluded that motor torque drops linearly from about -20 Hz to +55 Hz, confirming the extrapolation of Lowe et al. (1987) Motor models Rapidly rising torque at small negative speed is indicative of a tightly coupled ratchet mechanism, in which motion is allowed, either forward or backward, only when specific sites are protonated or deprotonated, so that passage of a fixed number of protons is required to carry the motor through one revolution. The motor does not have a fluid drive; one cannot force it backward without peril of breakage. In the model analyzed by Meister et al. (1989) a force-generating element can move forward provided that a proton-accepting site on the rotor in contact with a channel leading to the periplasm is protonated and an adjacent site in contact with a channel leading to the cytoplasm is not. If the membrane is fully energized, the joint probability for this is large, because the pH at the first site is smaller than its pK, and the pH at the second site is larger than its pK. For the element to move backward, the protonation must be the other way around, and the joint probability for this is small. Therefore, if one drives the cell backward with a torque that is large, but not so large that it overwhelms the normal constraints, the forcegenerating element will wait until the protonation becomes favorable and then move back one step. The larger the externally applied torque, the more difficult it becomes for the element to move forward, so the net backward rate increases. As noted earlier, we believe that the normal constraints are overwhelmed when the motor is driven backward or rapidly forward. The model of Meister et al. (1989) (Meister et al., 1989) . This scenario was envisaged in the first embodiment of this model to explain the saturation in speed with proton motive force observed for E. coli (Khan and Macnab, 1980a) and Bacillus subtilis (Khan and Macnab, 1980b; Shioi et al., 1980) . However, it strated in studies of a motile Streptococcus (e.g., . Recent studies suggest that saturation does not occur in this species (Khan et al., 1990 (Oosawa and Hayashi, 1986) ; according to the coupling mechanism-channel type, where the proton interacts simultaneously or sequentially with both stator and rotor components, or cross-bridge type, where the proton interacts only with the stator, which couples to the rotor in a conformation-dependent manner ; or, finally, according to the way in which the force is generated-electrostatically, by direct coulomb interaction between diffusing protons and fixed charges (a better term is electrodiffusively), or indirectly, by conformational change or imposition of other chemical constraints (Berry, 1993) . By these criteria, the model of Meister et al. (1989) is tightly coupled, channel type (although the channel complex acts like a cross bridge), and nonelectrodiffusive. These classifications are not mutually exclusive, and some models are not easy to categorize. Nevertheless, loosely coupled models and electrodiffusive models would appear to be ruled out by our data (Fig. 16) . With such models, the torque is expected to rise smoothly from the lower right quadrant, through the upper right quadrant, and on into the upper left quadrant; there is no mechanism that strongly resists backward rotation.
Here, in approximate chronological order, are the models that have been proposed. In the initial arguments for flagellar rotation (Berg and Anderson, 1973) it was shown that three cross-bridges of the sort found in skeletal muscle, stepping 450 Hz, could power a flagellum spinning at 50 Hz. This calculation was made only to demonstrate the plausibility of a biological rotary motor. Later, when it was thought that the M ring is the rotor and the S ring the stator (but see Ueno et al., 1992) , it was suggested that movement of one molecule down an electrochemical gradient (through the membrane) causes another molecule to exert a force on the S ring in a direction parallel to its face but normal to its radius (Berg, 1974) . This idea was not very explicit. Adam (1977a,b) devised a loosely coupled mechanism in which motor rotation is driven by viscous streaming of the cytoplasmic membrane. Lauger (1977) suggested a mechanism in which protons move along a series of sites comprising two sets of ligands, one fixed to the rotor, the other to the stator, with the ligands of either kind arranged in intersecting rows (half-channels). In recent embodiments of this idea, the rows run along the surface of a cylinder at the periphery of the rotor (as also envisaged by Macnab, 1979) rather than along its face (Lauger, 1988, Model I) , and the stator elements are elastically coupled to the cell wall . This model has been crafted to give the linear torque-speed relationship of Lowe et al. (1987) ; it does not show a steep barrier resisting backward rotation (cf. Kleutsch and Liauger, 1990, Fig. 17 ). Glagolev and Skulachev (1978; see also Glagolev, 1980 ) suggested an electrodiffusive model in which protonated amino groups on the rotor interact with deprotonated carboxyl groups on the stator (actually, within the cytoplasmic membrane); this model was not analyzed quantitatively. Mitchell (1984) expanded on this idea but also failed to develop it quantitatively. Berg et al. (1982) suggested a mechanism involving a proton motive redox loop that successively makes and breaks disulfide bonds linking the rotor to the stator. However, sulfhydryl reagents do not block flagellar rotation (Conley and Berg, 1984) . Oosawa and Masai (1982) and Oosawa and Hayashi (1983) developed loosely coupled, cross-bridge-type mechanisms in which proton-accepting sites on the stator interact with sites on the rotor only when protonated, or with one set of sites on the rotor when protonated and with another set when not. In either case, the cross-bridges are able to move back and forth across the membrane whether protonated or not. These models do not show a steep barrier resisting backward rotation (cf. Oosawa and Hayashi, 1986, Fig. 6 ). As noted above, the model of Berg and Khan (1983) does show such a barrier (cf. Meister et al., 1989, Fig. 7) . Macnab (1983) suggested that the motor might be able to work close to thermodynamic equilibrium, because energy is stored in the form of strained proton-motor bonds. Jou et al. (1986) considered an electrodiffusive cross-bridge model in which protonation triggers a phase transition with a finite lifetime; however, their analysis was limited to the demonstration of a threshold for rotation. Wagenknecht (1986) suggested a model in which twist-producing conformational changes in a rod at the base of the filament are generated by proton transfer; the rod is clamped by the stator at its proximal end during the power stroke and at its distal end during the recovery stroke. The dynamics of this model has not been worked out; however, it has the merit that it could resist externally applied torque. Lauger introduced a cross-bridge version of his earlier model in which a stator site is bound to the rotor when protonated, undergoing a conformational change that displaces the rotor and moves the proton across the membrane (Lauger, 1988, Model II) . This model also has been crafted to give the linear torque-speed relationship of Lowe et al. (1987) . Kobayasi (1988) developed a loosely coupled electrodiffusive model in which protons step along sites at the periphery of the rotor while interacting with negative fixed charges on the cytoplasmic side of the membrane. Hagedorn (1987, 1989) argued that the rotor might be driven by Quincke rotation (a variant of the mechanism used to spin tethered cells in which the electric field is constant; cf. Jones, 1984) . This mechanism is loosely coupled, generates 0 torque at stall, and is autocatalytic, allowing the rotor to spin in either direction depending on the initial displacement. Also, it requires that the electric field be in the plane of the membrane. Murata et al. (1989) devised another loosely coupled electrodiffusive mechanism in which the force-generating sites are electrodes on the rotor charged at one rate and discharged at another, depending on their distance from opposing electrodes on the stator. This mechanism also generates 0 torque at stall and is autocatalytic (cf. Murata et al., 1989, Fig. 5 ). Blair (1990) described a chemically explicit, nearly tightly coupled electrodiffusive mechanism in which carboxyl groups on the rotor are protonated, pass a cluster of negative fixed charges on the stator, are depronated, and then are repelled. Berry (1993) developed a loosely coupled electrodiffusive model in which protons move through half-channels in the stator, intersecting with tilted lines of fixed charges on the rotor. This model produces a torque-speed relationship similar to that of Kleutsch and Lauger (cf. Berry, 1993, Fig. 8) . Finally, two thermodynamic work cycles have been described in which a specific mechanism for force generation is not specified (Khan et al., 1990; Iwazawa et al., 1993; see also Yoshida et al., 1990) . The first gives a torque-speed relationship that is more linear than the second; however, it is not clear that either predicts a steep barrier resisting CW rotation. The data summarized in Fig. 16 limit the field strongly.
Agenda
It is important to show that motors of E. coli, spinning under their own power, deliver nearly constant torque over a broad range of speeds. To that end, we have been measuring rotation rates of tethered minicells, cells that have relatively small frictional drag coefficients, as they are slowed by addition of viscous agents (K. A. Fahrner and H. C. Berg, manuscript in preparation) . The preliminary results are consistent with the data of Fig. 16 . It also is important to see whether Streptococcus shows a torque-speed relationship similar to that of E. coli. We began the present work with Streptococcus, but we found this species difficult to energize and tether in media of low conductivity. We hope that these problems can be overcome. More needs to be learned about the behavior of filaments in a bundle. If, say, six filaments turn CCW in synchrony in the bundle of a smoothly swimming cell, each driven by a motor delivering a relatively small torque , then the rotation rate of the bundle must drop dramatically when one of the motors switches CW; its filament will strongly resist being driven backward. Presumably, this will cause the bundle to come apart; it might cause the cell to tumble. If not, the torque exerted by the remaining five motors, now turning more slowly, should be sufficient to break the first motor. Obviously, this does not occur. But, then, how are the filaments to form a new bundle? Must they all first spin CCW? There is no mechanism known to provide such coordination (cf. Macnab and Han, 1983; Ishihara et al., 1983) . Food for thought.
